Abstract-This letter presents a novel integrated photonic antenna with a power control scheme. The controller regulates the levels of radiated power by adjusting the biasing voltage of a side-illuminated waveguide photodetector (WGPD). The WGPD converts the RF-modulated optical power into a microwave signal, which is then fed to an antenna. The controller uses as input the noise level measurements of a different receiving antenna, and periodically calculates the necessary amount of power that must be radiated. The performance of the RF/photonic device has been studied theoretically and in simulation. With the addition of power control capabilities, the device realizes an early attempt to design smart photonic antennas.
I. INTRODUCTION
T HERE ARE three main steps in the evolution of RF/photonics systems for wireless communications. The first step is to use photonics to gradually replace conventional RF components, such as the coax interconnecting the antenna to the electronics since optical fibers provide a better medium for broadband RF communication systems. The light weight property of fibers, and its immunity to other signal interference make them ideal in the development of future RF distribution systems. The second step is the seamless integration of photonics and RF wireless circuits in the form of optoelectronic integrated circuits (OEICs); fiber-optic technologies have reached the stage where insertions into various commercial RF systems are practical. In the third step, the aim is to eliminate the need of local oscillators, mixers, amplifiers, and a host of other parts by directly feeding an antenna through a fiber at millimeter wave frequencies. Despite the fact that the integration of photonics with antennas has recently gained momentum [1] - [3] , the issue of controlling the output power in photonic antennas has not yet been considered.
This letter presents a framework for developing faster, adaptive wireless communication using arrays of smart antennas. Our primary contribution is on the integration of RF antennas with optical fibers and transmission power control systems. The antenna and the optical fiber are interfaced through a photodetector, and the hybrid integration with the antenna increases bandwidth and communication capacity. Our power control system (implemented in software) uses RF noise power measurements to adaptively regulate the bias voltage of the photodetector. Through the bias voltage, the transmission power of the antenna can be adjusted. In this way we achieve the required signal-to-noise ratio (SNR) for slowly varying noise levels, and control the capacity of the channel at the same time.
Since parallel nodes in a wireless network introduce noise, nodes must transmit at the minimum possible energy level. This letter presents a method to automatically regulate the transmission power of each antenna so that the capacity of the channel is adjusted, and signal interference is kept at minimum. An array of RF modulator/photodetectors integrated directly to an array of antennas, can combine the advantages of both fiber optics and wireless channels. Used with a transmission power control system, this new RF/photonic antenna array can form a smart system that enhances network capacity and coverage. A large number of such RF/Photonic antenna elements could be networked together into a star configuration, feeding in and out of a radio hub.
II. PHOTODETECTOR-ANTENNA SYSTEM
The flexibility in the design of waveguide photodetector (WGPD)-provided by optical coupling, optical absorption, transit time, and capacitance-offers the ability to optimize it for the given application [4] , [5] . The WGPD converts the RF-modulated optical power into a microwave signal, subsequently fed to an antenna. Between the WGPD and the antenna, there is a double stub matching circuit, to ensure the maximum transfer of power from the WGPD to the radiating elements. The general concept of this design from the optical modulation, to the optical fiber and finally the radiating elements is presented in Fig. 1 . The WGPD is a standard p-i-n device grown on a semi-insulated InP substrate. It eliminates the bandwidth-efficiency tradeoff that is fundamental to normal, surface illuminated photodetectors.
The photodetector is fed by an optical fiber, terminated at the facet of the optical waveguide layer. Bias across the photodetector affects simultaneously the output power and the frequency of operation. Increasing the biasing voltage, raises the maximum output power and decreases the pulse duration. The effects of biasing can be seen in Fig. 2 : biasing of the photodetector increases the drifting component in the current density equations [6] drift The biasing of the photodetector is provided through the antenna design. The antenna is a CPW-fed three element folded dipole slot. The transmitting antenna is a transformation of the basic folded dipole design in a patch/slot version [7] . It operates around 18.5 GHz with a bandwidth of 1 GHz and a gain of 6.5 dB. Due to magnetic currents generated in the slots, each folded slot antenna radiates like a half wavelength folded dipole with linear polarization. The main advantages are low cross polarization ( dB's), and low coupling between its elements [8] .
To avoid leakage of the generated microwave, low pass filters have been designed for the co-planar waveguide (CPW) transmission line [9] (Fig. 1) . The CPW is used as a feed to the an- tenna while also serving as electrodes and biasing line of the WGPD [10] . The characteristic impedance and phase velocity of a CPW depends more on the dimensions of the conductive surface than the substrate thickness. Bending the transmission line ensures good radiation pattern in the dielectric. At the same time, this configuration preserves the length of the feeding line [11] . Figs. 3 and 4 show experimental S11 parameter and the radiation pattern of the specific design.
A second antenna is used as a receiver, to monitor the background noise (Fig. 5) . It is a single element folded dipole patch antenna with polarization perpendicular to the transmitting antenna. The separation distance of the two antennas is over 1 cm (approximately four wavelengths), which is sufficient to avoid any coupling effects [12] . This antenna should have almost the same efficiency as the transmitting antenna, although its directivity is much smaller (around 3.2 dB). This provides measurements of noise from every direction in the environment, while it blocks the polarization state of the radiated signal.
III. TRANSMISSION POWER CONTROL SYSTEM
The objective of the control system is to use the noise measurements obtained by the second antenna in order to regulate the RF power levels so that, despite variations in the noise levels, the required SNR is always achieved. In a large scale wireless network, such control laws have to be implemented in distributed and decentralized fashion. Fig. 6 shows how this control system is interfaced with the photodetector/antenna: Light coming from the optical fiber is transformed into RF by the photodetector/antenna. The bias voltage of the photodetector behaves as the controlling gate, regulating the output power level of the antenna, as , where is a constant that is obtained from Fig. 2 , and is estimated to be approximately mW/V; see Fig. 7 . Due to the transmission of other antennas and reflections of its own signal, the antenna transmits in an environment with noise,
. The noise signal, is considered as white Gaussian. In an indoor environment, the noise signal is slowly varying, in which case the bandwidth of the power control system is usually adequate for tracking noise levels. Noise levels are picked up by a second antenna, perpendicularly polarized, in a distance sufficient to exclude coupling effects. This second antenna works as a sensor, measuring only the environmental noise:
. The bias voltage, , is controlled by a microprocessor, based on the sequence of light pulses carrying microwave-optical signals that arrive through the optical fiber and the noise measurements obtained from the secondary antenna. The microprocessor directly regulates the bias voltage, and therefore the discrete time dynamics of the latter can be expressed as where is the control input for power regulation and is frequently appearing slowly varying dc signal, acting as an input disturbance. In our setup, could be in the order of millivolts, whereas the bias voltage is in the order of tens of volts, allowing us to safely ignore its effect. The system output signal (Fig. 8 ) is defined as (1) and expresses the difference between the power of the transmission signal and the noise level. For successful transmission it is necessary that this difference is always above a threshold, i.e., the desired SNR:
. The power control law can then be defined as (Fig. 8 ) (2) where is the (light) reference signal. The simplicity of the control input (2) ensures minimum computation delay. Thus, the frequency of the control loop is essentially determined by the availability of sensing data from the monitoring antenna. Bearing in mind that the system directly measures noise rather than output signal , the controller structure depicted in Fig. 8 has to be implemented as shown in Fig. 9 .
The control system described previously allows the photodetector/antenna system to track the noise levels and maintain a constant power level above them (Figs. 10 and 11) .
In Fig. 10 , the high-frequency pulse sequence is the response of the photodetector/antenna system to the light input signal. The low-frequency pulse sequence corresponds to piecewise constant, white Gaussian noise. Regardless of the variation of the noise levels, the output is regulated to a predetermined level above that of noise.
To test the tracking performance of the control scheme further, we simulated a sinusoidal noise waveform. The results are given in Fig. 11 . From the response, it is clear that tracking ability is not restricted to the particular class of piecewise constant inputs but it extends to more general dynamic signals.
IV. CONCLUSION
This letter presents a novel smart antenna design, in which we integrate photodetectors with antennas and regulate the power level of radio transmission through a software-implemented control system. Linking the optical fiber directly with the antenna through a photodetector increases bandwidth without the need for signal amplification. The control system then adjusts the transmission power so that the desired SNR is achieved and maintained, regardless of (low-frequency) fluctuations of noise levels, ensuring reliable communication and allowing regulation of the channel capacity. The design would enable control of faster, more reliable and adaptive wireless communication systems using integration of photonics and microwave technologies.
